Cell size is highly variable; cells from various tissues differ in volume over orders of magnitudes, from tiny lymphocytes to giant neurons, and cells of a given type change size during the cell cycle. Larger cells need to produce and maintain higher amounts of RNA and protein to sustain biomass and function, although the genome content often remains constant. Available data indicate that the transcriptional and translational outputs scale with cell size at a genome-wide level, but how such remarkably coordinated regulation is achieved remains largely mysterious. With global and systemslevel approaches becoming more widespread and quantitative, it is worth revisiting this fascinating problem. Here, we outline current knowledge of the fundamental relations between genome regulation and cell size, and highlight the biological implications and potential mechanisms of the global tuning of gene expression to cellular volume.
Cell size is highly variable; cells from various tissues differ in volume over orders of magnitudes, from tiny lymphocytes to giant neurons, and cells of a given type change size during the cell cycle. Larger cells need to produce and maintain higher amounts of RNA and protein to sustain biomass and function, although the genome content often remains constant. Available data indicate that the transcriptional and translational outputs scale with cell size at a genome-wide level, but how such remarkably coordinated regulation is achieved remains largely mysterious. With global and systemslevel approaches becoming more widespread and quantitative, it is worth revisiting this fascinating problem. Here, we outline current knowledge of the fundamental relations between genome regulation and cell size, and highlight the biological implications and potential mechanisms of the global tuning of gene expression to cellular volume.
RNA and protein content scale with cell size Organisms vary in size over several orders of magnitude, from tiny bacteria to giant whales. The difference in size between large and small organisms is largely the result of differences in cell number. However, each organism comprises cells that can also vary greatly in size. Proliferating cells range approximately twofold in size as they grow during each cell cycle. Moreover, differentiated cells in tissues of multicellular organisms attain vastly different shapes and sizes to support their specific functions, which are then maintained over days, weeks, or even years. For example, cells in the human body range in size over nearly six orders of magnitude, from small lymphocytes approximately 7 mm in diameter to large liver cells (50-100 mm) and giant neurons that can stretch over 1 m to the tips of their axons. Current understanding of how cells coordinate their growth and division to acquire and maintain a defined cell size has been carefully reviewed elsewhere [1, 2] . Here, we focus on the changes in gene expression that accommodate, or even drive, changes in cell size.
Large cells need to produce and maintain more cellular components than do small cells. As the half-lives of transcripts and proteins are limited, there is a constant need to replace these molecules, and the demand for such replacement scales with cell size. Moreover, protein concentrations within the cell are optimised for biochemical reactions [3] . Thus, as cells grow, they generally need to synthesise more proteins to maintain the appropriate concentrations of these molecules. Furthermore, the protein content in large cells must adapt to the increased burden of architectural and functional demands, although special organelles, such as large vacuoles, help to fill space in some cells. Accordingly, the cellular numbers of rRNAs, mRNAs, and ribosomes scale with cell size [4] . Note that we use cell size loosely here for cell volume or dry mass; although dry mass is likely to correspond best with protein content, most experiments rely on simpler measures for cell size, such as cell length or diameter.
The question of how large cells generate more RNA and protein than small cells attracted much attention from the 1960s to mid-1980s, when in vivo labelling techniques enabled the measurement of RNA and protein synthesis in growing cell cultures, [5] ; however, such techniques then became unfashionable with the rise of molecular biology and reductionist approaches. Thus, it is still not understood how gene expression is adjusted at a global level to match cell size. Here, we review the current knowledge and implications of cell size-dependent gene regulation and propose possible mechanisms for coordinating genome expression with cell size, which we suggest will be a rich seam of research in the coming years.
Genome content and cell size One way by which larger cells could sustain their larger biomass is by simply having more gene copies that can accordingly produce more RNAs and proteins. Indeed, most cells contain multiple copies of rRNA genes to satisfy the high demand for rRNA transcripts [6] . Intriguingly, genome size scales linearly with cell size across different organisms over almost a million-fold range [2, 7] . However, as most parts of complex genomes are noncoding, the protein-coding capacity is not proportional to cell size [7] , and cells with identical genome content can vary greatly in size within the same organism. Therefore, an increase in cell size is not always accompanied by an increase in genome content.
However, in special situations, the genome content is increased in selected cells. In myocytes (muscle cells) for instance, cell fusion leads to huge cells containing multiple genomes in several distinct nuclei. In other cases, cells increase genomic copies in single nuclei without cell fusion. This phenomenon is called 'polyploidy' and results from additional rounds of DNA replication without intervening nuclear divisions (endoreplication, endoreduplication, or polytenisation). In extreme cases, endoreplication can lead to cells containing hundreds of completely or partially replicated genomes [8, 9] . Polyploidy is often associated with specific physiological requirements, such as in salivary gland cells of fruit flies (Drosophila) or in mammalian megakaryocytes (bone marrow cells) and trophoblasts (specialized placenta cells) [9] . In addition, a transient response to unusually high demands on biosynthesis can lead to polyploidy, as exemplified by the growing plant hypocotyl (stem of germinating seedling) or during tissue regeneration in the liver [9] . Some organisms, most notably plants, seem to have harnessed polyploidy during evolution to increase cell size and, as a consequence, the size of the entire organism [10, 11] . For example, many important crop plants are polyploid, including potato, coffee, and wheat, and contain multiple identical or related genomes; the increased genome content may render these plants larger than their wild relatives and so helps to increase crop yield.
Thus, increased cell size can be associated with increased genome content in some cases, which provides one way to meet the physiological requirements of large cells or of cells with unusually high demands on biosynthesis. However, the cause-effect relation between cell ploidy and cell size is far from clear: does a large cell promote increased genome content, or does increased genome content allow a cell to grow larger? In any case, the observations outlined above raise the possibility that genes sometimes become limiting for protein production, and DNA amplification is a way around this limitation. Other cases in which genes becoming limiting are described below.
Although polyploidy is a well-known phenomenon, its quantitative impacts on global gene expression and cell mass production are poorly understood. Unicellular organisms, such as yeasts, provide valuable model systems to study this question. As expected, diploid cells of yeast are larger than haploid cells, and tetraploid cells are larger than diploid cells [12] [13] [14] [15] . Genome-wide analyses in budding yeast (Saccharomyces cerevisiae) uncovered only a small number of mRNAs that are differentially regulated in cells of different ploidy [12, 13] . Many of these genes encode cell surface proteins, probably reflecting an adjustment to the lower cell surface:volume ratio in large cells. Two mitogen-activated protein kinase (MAPK) pathways were shown to regulate these genes in response to cell size but not to ploidy, thus invoking a size-sensing mechanism that alters the transcription of selected genes [13] .
Polyploid yeast cells probably contain more mRNA overall [16] . Notably, microarray results show only a few differentially regulated genes in cells of different ploidy [12, 13] . Because microarray normalisation removes global changes in gene expression, there is probably a coordinated increase in the abundance of most mRNAs in polyploid cells (Figure 1, right) . Below, we provide further evidence for such global gene expression and focus our discussion on genome-wide regulation associated with cell size.
Transcriptional output in cells of different size
The relation between post-mitotic, differentiated cells of varying size and their molecular contents has been explored for over 50 years [17] . It is known that the wettissue:DNA mass ratios of different organs in rats vary by a factor of over 20-fold, and the corresponding RNA:DNA ratios vary up to 16-fold [18] . These observations show that the total RNA amount produced by a given genome can differ greatly in cells of different size and physiology. Notably, the differences in RNA:DNA ratios for a few genes analysed in the rat are caused by differences in mRNA synthesis (transcriptional efficiency) rather than by differences in mRNA turnover [18] . Increased transcription was also observed in larger frog motor neurons, which vary in cell size but not in genome content [19] .
These findings indicate that cells of a given type can boost their RNA and protein production together with cell size while maintaining constant genome content (Figure 1 , left). Accordingly, the RNA:DNA and the protein:DNA ratios differ as a function of cell size, revealing cellular tuning of gene expression at a global scale. Some insights into this process are provided by studies with fission yeast (Schizosaccharomyces pombe). In 1979, using cell cycle DNA : Genome : Protein RNA P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P RNA RNA RNA RNA RNA RNA DNA DNA DNA P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P RNA RNA DNA P P P P P P P P P P P P P P P P P P P P P P P
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Trends in Genetics November 2012, Vol. 28, No. 11 mutants that uncouple cell growth from division resulting in altered cell size, Fraser and Nurse [20] showed that small cells produce less RNA than do large cells. This finding indicates that cell size is correlated with the transcription rate and that genome expression can be regulated to genetically triggered changes in cell size.
Although this work was illuminating, it did not answer the question as to whether these differences in RNA and protein content reflect the regulation of a few selected genes or more global gene expression changes. To address this issue, genome-wide approaches that analysed gene expression and transcriptional efficiency were recently used in S. pombe cell cycle mutants that show altered cell size due to uncoupled cell growth and division [21] . This study revealed global, coordinated transcriptional regulation of most mRNAs as a function of cell size (Figure 2a) , as is the case for budding yeast cells with increased ploidy [12, 13] . Notably, compared with wild-type cells of normal size, global mRNA expression not only increased in larger cells, but also decreased in smaller cells, suggesting that the transcriptional output of wild-type cells is precisely tuned and is not set at either a maximal or minimal default rate [21] . Interestingly, other studies showed that such global gene expression changes are accompanied by changes in nuclear size [14, 15] .
Fission yeast also provided insight into the question of whether gene copy numbers can become limiting for protein production. Another early yeast experiment [22] used cell cycle mutants that can grow without division to show that the maximal mRNA output per genome is indeed limited. A more recent study [21] showed that the transcriptional output of cell cycle mutants exceeding a certain size reaches a plateau and can only increase again after triggering a new round of DNA replication. These experiments reveal that DNA can be a limiting factor in cells that grow to an unusually large size. However, in most circumstances, the global transcriptional output can be tuned to differences in cell size without the need for increasing genome content.
Dynamic tuning of global gene expression in growing cells
Cells undergo a growth period in the cell-division cycle during which cellular size doubles. Clearly, cell growth and division increase the demand on protein synthesis and add another dimension to the coordination of genome regulation with cell size. Synthesis rate-based models for cell size propose that protein expression allows the cells to sense their size and coordinate growth with division: certain 'sizer' proteins, whose abundance would reflect the overall protein synthesis rate, could act as dose-dependent activators of cell cycle progression [2] .
Experiments performed in yeast cells synchronised during the cell cycle suggest that growth rates as well as transcriptional and translational outputs are not constant but increase with increasing cell size. In budding yeast, RNA and protein synthesis increase exponentially during the cell cycle, indicating an increase in gene expression as cells grow; moreover, analysis of 111 different proteins revealed an exponential increase in their individual translation rates [23] . In fission yeast, the transcription rate shows a 'step increase' during cell growth, that is, an abrupt acceleration in mRNA synthesis occurs after DNA replication [20, 24, 25] . This step increase points to a possible link between genome copy number and the rate of transcription. However, the increase occurs some time after the completion of DNA replication, suggesting the presence of a regulatory mechanism that can adjust the transcriptional output to correct for the doubling in gene number. Such a regulatory mechanism could also adjust the rates of transcription for genes that are replicated early or late during S phase. Protein synthesis rates are also adjusted during cell growth in fission yeast, with a sharp increase late during the cell cycle [26] . Together, these data indicate that growing cells can boost the global synthesis of RNAs and proteins, independently of genome content. Therefore, gene expression can be tuned not only to increase cell size during growth, but also to compensate for increased genome content. Notably, the patterns of RNA and protein synthesis seem to mirror the growth kinetics of yeasts, which are thought to be exponential in budding yeast and bi-linear in fission yeast [4, 27] .
Data from mammalian cell lines, where cell growth is subject to regulation by growth factors rather than nutrients, are somewhat more complex. Synchronised HeLa cells and mouse fibroblasts show increasing rates of transcription during interphase, although this increase seems to result mainly from a sharp step increase at the time of DNA replication [28] [29] [30] , similar to the step increase in fission yeast. However, in a mouse cell line, the rates of transcription increase in several steps during G1 phase, before the onset of DNA replication [31] . Thus, gene expression is generally tuned to cell size increases during growth with no universal relation to DNA replication. This regulation seems to be exponential in some cell types and more step-wise and linear in others. These differences in genome regulation could reflect differences in growth kinetics between different cell types.
Cell growth can be modulated by environmental signals, such as growth factors and nutrient availability. For example, yeast cells grow to a larger size under rich nutrient conditions than under poor nutrient conditions, which is mediated by a poorly understood adaptation of the growth control programme [2, 32] . Nutrient-sensing signalling pathways, such as target of rapamycin (TOR), protein kinase A (PKA), and MAPK are involved in both cellular growth and size control in response to environmental signals [2, 32, 33] . These signalling pathways are also known to regulate gene expression at multiple levels, providing a potential means to coordinate cell growth, cell size, and genome regulation appropriately in changing environments.
Transcription factors and the tuning of genome regulation to cell size The evidence discussed so far suggests that cells increase their global transcriptional outputs with increasing size. What are the implications for the cell if we assume that this upregulation affects the abundance of all or most proteins? Large cells obviously have an increased requirement for cellular components, such as microtubules or ribosomes. By contrast, if the genome content remains the same, there may not be an increased requirement for proteins that function in the context of the genome, such as transcription factors (TFs) or chromatin components, as the number of sites upon which these proteins act would remain constant. Changes in regulator:DNA ratios could indeed provide a possible mechanism that enables the cell to measure its size [2] . Moreover, this situation could also be used to upregulate the transcriptional output, because increased expression of TFs usually results in increased expression of their target genes. Thus, global tuning of gene expression to cell size could affect TF function if the TF itself is rate-limiting for transcription (but not if other factors, such as the general transcription machinery, are rate-limiting), and changes in TF abundance could themselves be a driving force for global gene regulation. In addition, one would predict that TF abundance could alter gene expression by affecting transcriptional noise [34] . An analysis of the expression levels of a few ubiquitous TFs in cells of different size and with different RNA:DNA ratios found that TF abundance can be independent of cell size due to transcriptional or post-transcriptional mechanisms buffering their expression against size regulation [18] . Consistent with this principle, a few mRNAs in yeast do not scale in abundance with cell size, including several TFs, although these are the exception rather than the rule [13, 21] . By contrast, the expression of a TF that functions in the liver does scale with cell size, showing higher mRNA and protein expression in large liver cells, raising the possibility that size-dependent expression of some TFs supports tissuespecific regulation of transcription [18] .
The local concentration of some TFs, rather than their protein:DNA ratio, could also determine their activity. In this case, a larger nucleus in a larger cell could compensate for increased protein numbers by buffering local protein concentrations. Indeed, the nucleus grows as the cell grows, albeit not to the same extent [14, 15] . The cytoplasmic volume determines the nuclear size, and the rate of nuclear import is increased in large cells [15] . Therefore, it is possible that increased protein numbers in the cytoplasm, together with size-dependent rates of nuclear protein import [15, 35] , could also provide a way for the cell to modulate nuclear concentrations of TFs and other regulatory proteins. In conclusion, the global tuning of gene expression to cell size can differentially affect the functions of some proteins, such as TFs, and cells seem to adopt various strategies to buffer or exploit such effects.
How is genome regulation tuned to cell size? Considering the complexity of gene regulation, it is both remarkable and surprising that the cell manages to change the expression of most genes in a highly coordinated manner. How can transcription rates increase at equal rates as a function of cell size, given the multitude of specific TFs and promoters, chromatin environments, and other differences among genes? The regulatory mechanism(s) by which cells tune genome regulation to cell size are not known, but below we highlight some published results that might bear on this issue and that inspired us to speculate about possible processes.
The phenomenon of a coordinated global tuning of gene expression to cell size hints at the existence of one or more limiting factors whose concentrations vary with cell size and that impact gene expression quantitatively. The available data suggest that size-dependent control occurs at the level of transcription rather than mRNA turnover [18, 21] , although both processes are now thought to be intimately coordinated [36] . A plausible hypothesis would be a system controlling the global transcriptional output via RNA polymerases, general TFs, and/or chromatin structure. Although mutants in RNA polymerase II (Pol II) complex subunits do not seem to have a strong effect on cell size [37, 38] , several Pol II subunits are haplo-insufficient for growth in yeast [39, 40] , that is, diploid cells need both
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Trends in Genetics November 2012, Vol. 28, No. 11 copies of a Pol II subunit gene to function properly. The latter findings suggest that the expression level of Pol II can become limiting. Consistent with this view, tuning the expression level of Pol II components or of general TFs (including components of the mediator complex) leads to global changes in the levels of most mRNAs [41, 42] . Therefore, one could imagine that increased abundance of Pol II in large cells supports higher transcription rates in a positive feedback loop. Moreover, the nuclear import of Pol II is regulated by a specific protein, Iwr1, which raises the possibility of another mechanism by which nuclear Pol II concentration is regulated [43, 44] . A system in which the levels of Pol II expression or nuclear import could be manipulated would allow the hypothesis that the cell size is adjusted to the overall transcriptional activity to be tested.
Alternatively or in addition, increased transcription could also result from increased Pol II processivity: one study [45] analysed the average rates of transcription in single metazoan cells and found that global rates of RNA synthesis vary substantially between cells owing to variation in Pol II elongation rates. These rate differences are correlated with cellular ATP levels and mitochondrial mass, highlighting a link between energy metabolism and transcription rates [45] . This observation could be relevant for size-dependent control of transcription rates as energy metabolism is likely to vary with size. ATP could affect Pol II processivity either directly or by affecting the function of other factors, such as chromatin remodelling enzymes. Experiments by the same group using artificial chromatin decondensation suggest that transcription rates also depend on changes in chromatin structure that are responsive to changes in intracellular ATP levels [45] . Regulation of chromatin structure via global, untargeted histone tail acetylation also affects gene expression in several systems [46] . Acetyl co-enzyme A (CoA) synthetases are key enzymes for glucose metabolism, but they also control the pool of acetyl-CoA used by histone acetyltransferases and, therefore, can modulate the global acetylation status of chromatin and thereby affect transcription [47] . Indeed, acetyl-CoA drives the transcriptional growth programme in budding yeast [48] . Histone acetylation also participates in the chromosome-wide modulation of gene expression during dosage compensation of the X chromosomes of male flies [49] . These examples point to possible mechanisms by which global transcription could be linked to cellular metabolism and histone acetylation, which could accordingly be modulated as a function of cell size and growth.
Changes in nuclear size and architecture could also impact global gene expression, and nuclear envelope components, such as lamins, are linked to gene regulation [7, 10, 50] . Moreover, yeast haplo-insufficient genes are enriched for functions involved in translation, raising the possibility that similar mechanisms involving ratelimiting factors also apply to the control of translation rates as a function of size. Translation rates and ribosome biogenesis are known to be controlled globally in response to growth conditions via the TOR pathway [33] , providing a potential system for the cell to adjust global protein synthesis and cell size.
Concluding remarks
Clearly, researchers are far from a satisfying understanding of how cells globally tune gene expression with cell size, and how they manage the remarkable feat of coordinating the regulation of all or most genes. It is also not known to what extent gene expression is adjusted to cell size at regulatory levels other than transcription, such as translation or protein turnover. Moreover, the cause-effect relations between cell size and gene regulation are not clear. Is gene expression regulated by cell size or vice versa? What aspect of cell size is most relevant for gene expression, length, volume or mass, and how does the cell 'know' its size? How do changes in cell growth and division affect the coordination between genome regulation and cell size? Are gene expression and cell size mutually dependent on each other and, if yes, how? Experiments that could uncouple cell size from global gene expression would provide insight into regulatory dependencies; for example, approaches to change transiently the size of cells (e.g., by osmosis) would enable studies of the effects on gene expression; likewise, genetic manipulation of global gene expression would enable studies of the effects on cell size. Emerging quantitative transcriptomics and proteomics approaches now provide fresh opportunities to address the fundamental question of how cells globally coordinate gene expression with cell size, and how environmental conditions, such as nutrients, affect this coordination. Comparing large proliferating cells with small quiescent cells of fission yeast, the total number of proteins scaled largely with cell volume, whereas the concentration of mRNAs was much lower in the quiescent cells, suggesting more complex relations that also depend on the regulation of cell growth and division [51] . Ultimately, transcriptomics and proteomics approaches applied to single cells, in combination with high-throughput phenotyping, will enable the mapping of global gene expression to individual cellular features, such as size, without the loss of information characteristic of population average measurements (Figure 2b ). Such future approaches should provide unique insight into this fascinating, but surprisingly little explored biological process that ultimately will require understanding at a systems level.
